tion. Chen et al. applied natural Mn ore to treat Ra. The results showed that Ra in wastewater can be remediated from 2-7 kBq/m 3 to 0.3 kBq/m 3 [7] . In this process, Mn ions react with OH¯ to form Mn(OH) 2 firstly. After that, Mn(OH) 2 reacts with dissolved oxygen. Then, MnO(OH) 2 are formed. Finally, Ra can be absorbed by MnO(OH) 2 . The reaction processes can be interpreted by the following equations.
Mn
2+ + 2OH-→ Mn(OH) 2 (1) Mn(OH) 2 + ½O 2 → MnO(OH) 2 ( 2)
The constructed wetlands (CWs) have received increasing attention in water and wastewater treatment over the last several decades, especially for wastewater advanced treatment. The main advantages of CW are their low operating costs, the fact that it does not require an external energy source, and its integration with the landscape. Generally, CW can be classified as surface-flow (SFCW) or verticalflow wetlands (VFCW) [8] . Some previous studies have shown the overall effectiveness of SFCW or VFCW in treating municipal or industrial wastewater [9, 10] . In general, temperature, hydraulic residence time (HRT), vegetation type, media material, and CW type plays an important role in treating wastewater [11] . Assuredly, CW can be an option for sufficient removal of radioactive pollutants. In this study, a kind of horizontal subsurface flow constructed wetland with manganese ore as padding medium was designed to remove Ra in lead-zinc mine water. This approach can be combined with the advantages of CWs and co-precipitation with Mn ore medium.
Materials and Methods

Configuration of Lab-Scale
Constructed Wetlands Fig. 1 shows a schematic of the experimental layout of a lab-scale manganese ore constructed wetland. The horizontal subsurface flow constructed wetland was confined inside a PVC tank that is 2 m long, 0.5 m wide and 0.6 m high. The substratum layer is 50 cm deep, composed of 6-8 mm manganese ore without any soil on the surface. The manganese ore (MnO 2 : 38.6% and density 3.56 g/cm 3 ; mass fraction of elements: O 33.95%, Mn 40.15%, Fe 12.67%, K 0.62%, Ca and Mg 6.23%, Al, 2.11%, Si 4.27%) was purchased from Henan Filter Co. Ltd, China. Reed planting density was set at 16-20 plants per square meter, spacing of plants was 20-25 cm. Gravels were arranged at influent and effluent areas to guarantee the even distribution of water. The lead-zinc mine water was manipulated by a constant flow peristaltic pump. The feed of lead-zinc mine water continued for 24 h. The experiment started in April 2015 at a hydraulic retention time (HRT) of five days. After continuous operation for two weeks, fresh reed roots (30 cm long) were transplanted to the CWs at a depth of 5-10 cm. When sprouts appeared in May and grew healthily, the monitoring of influent and effluent started. In order to facilitate sampling and analysis, the passing tubes were installed at starting and ending edges, and at 1/4, 2/4, and 3/4 of the middle in CWs.
Characteristics of Lead-Zinc Mine Water
The water samples, which were pretreated by clarification, coagulation, and filtration, were collected from a leadzinc mine ore in Hunan province, China. The characteristics of the lead-zinc mine water were summarized in Table 1 .
Analytical Reagents and Methods
All reagents used in analysis were obtained from Beijing Chemical Reagent Company (Beijing, China) and conformed to the purity requirements of analytic grade. The water quality parameters such as Ra, pH, SO 4 2- , Zn, and Pb, etc., were analyzed according to standard methods of China [12] . The pH value was determined by a Shanghai Leici PHS-3D brand pH meter. The temperature and ORP were determined by a temperature sensor (PHB-2, Shanghai Leici, China). Fe and Mn were measured using spectropho-
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Zhang C., et al. radium was implemented according to GB11214-89 and determination of aradium was implemented according to GB11218-89 [13, 14] .
Results and Discussion
Removal of Radium
The experiment results show that the CW system has superior performance and strong capability of resisting hydraulic loading impact when the hydraulic loading rate is set at 0. (Figs. 2, 3) .
As seen in Figs. 2 
Removal of Other Pollutants
Under the same experimental conditions described above, the removal efficiencies of other pollutants in leadzinc mine water by CW were described in Table 2 .
It can be seen from 
Discussion
In previous studies, co-precipitation absorption by MnO(OH) 2 was proposed as one of the major reasons to remove pollutants in wastewaters by CWs. When oxygen is available, the formed Mn oxide deposit facilitates the adsorption of pollutants in wastewaters [15] . Rather, plant uptake and decay, plus retention of pollutants by inorganic and organic soil components, are auxiliary probable mechanisms of accumulation of pollutants near the soil surface [16] . Redox potential can be used to reflect the amount of dissolved oxygen (DO) and the redox state in the water environment. In the CWs, it is difficult to detect the DO. So, in this experiment, the redox potential of mine water in CWs was measured by ORP meter. The ORP probes were placed in the deep of 30 cm and 5 cm from the subsurface of CWs.
The detection values were -205 mV and 306 mV, respectively. In the deep of 30 cm in CWs, the DO is consumed by the oxidation process of Mn. So the removal of Ra and other non-ferrous metals mainly depends on the adsorption of MnO(OH) 2 . By comparison, the removal of pollutants near the subsurface of CWs mainly depends on plant uptake.
Chalupnik et al. applied an underground treatment installation to remove radium from mine water. For 226 Ra and 228 Ra removal, the efficiency of treatment averaged 90% [17] . Some scholars have utilized ion exchange resins by adsorption of reverse osmosis or polymeric columns to remove Ra in water [18, 19] . For treatment of Ra in water using CW, there was no previous experience to fall back on concerning construction, application, and management.
Since CW is a cheap and effective treatment method, in recent years it has been widely used in water and wastewater treatments. Base on our research, a possible solution for a passive technology might be the application of CW with manganese ore medium for removal of not only Ra but also some other pollutants from lead-zinc mine water. The application of CW is expected to be significantly cheaper than the methods used so far. However, a detailed financial study has to be done in the future.
Conclusions
The main goal of these experiments was to use an inexpensive passive method -like manganese ore CW -for the treatment of a lead-zinc mine water to remove radium isotopes. It 
